Abstract. Aiming at the stability problem of crane lattice boom with large slenderness ratio, the applicability and practicability of four kinds of design theories and methods (the allowable stress method based on linear theory, the allowable stress method based on nonlinear theory, the limit state method based on linear theory and the limit state method based on nonlinear theory) are studied by taking VS2012 as development platform and programming multi-theoretical software for the stability calculation of crane lattice boom with large slenderness ratio using C# programming language. The optimal theory and method are obtained by comparing the generalized margin of above four methods. Practical example results show that the limit state method based on nonlinear theory has the minimum generalized margin and highest material utilization on the premise of meeting the stability of boom which illustrates the linear theory based on small displacement assumption is unsuitable for the stability design calculation of lattice boom with large slenderness ratio while the limit state method based on nonlinear theory is more suitable for the occasion that the relationship between load and internal force is nonlinear and the calculation results are more in line with actual situation. Finally, the optimal theory and methods are verified through ANSYS, it can be found that analytic results are in good agreement with finite element results which further explains the suitability and practicability of the limit state method based on nonlinear theory.
Introduction
Due to the demand in the fields of wind and electricity power, metallurgy, petrochemical industry, etc, and for large-scale lifting operation, the load capacity of a crane tends to be heavier; but itself tends to be lighter, also it will have the features of larger space and higher efficiency. The application of high-strength steel not only makes crane boom structure more lightweight but also makes the flexibility of structure increased and geometry deformation under heavy load nonlinear. As a result, the translational displacement, rotational displacement and strain are no longer infinite small, and the constitutive relation presents a strong nonlinear. If the linear theory based on the assumption of small displacement is still used to analyze the stability of boom structure, the results will deviates from actual stress state which will cause an unsafe or incorrect statistic. Moreover, from structural mechanics perspective, strictly speaking, linear problem is a special case of nonlinear problems, and linear assumption is only a simplification of practical engineering problems. Practical engineering problems such as the research on elastic-plastic dynamic response of the structure under earthquake, wind resistance of high-rise building, dynamic stability of large span reticulated shell, form finding and cutting analysis of cable membrane structure, and wind-induced vibration of large bridges are just assumed as linear problem are not enough, and further consideration is required for nonlinear problems. Therefore, the nonlinear analysis of various engineering structures is necessary and increasingly important. The stability analysis of crane lattice boom structure, which belongs to biaxial bending, need to consider the effects of geometric non-linearity because of larger slenderness ratio and smaller stiffness [1, 2] .Meanwhile, as the increase of steel yield limit, the conversion slenderness ratio of boom rises constantly while the stability coefficient decreases, which have highlighted structural stability issues [3] . To solve the challenging problems above, it is necessary to study stability calculation method .
Stability calculation of crane lattice boom
The stability of crane metal structure is one of the important indicators to measure whether structure is out of operation [3] . Hence, when conducting stability calculation of crane metal structure, close calculation formulas with actual stress state should be given. Due to smaller stiffness, when subjected to heavy load, structure will have a larger deformation which will lead to a nonlinear geometric relationship between the load and displacement, however, the relationship between the stress and strain of material is still linear-elastic. Therefore, the stability of boom structure belongs to the category of geometric nonlinear mechanics so that the second order nonlinear analysis should be adopted.
Overall Stability. The lattice boom structure presents a significant second order effect when bearing both transverse and axial load so the additional bending moment caused by initial defect and axial compression must be involved in stability calculation. When using the limit state method based on nonlinear theory to calculate the overall stability, NEx and NEy, within the increase
should be divided by the resistance coefficient m  . The computation formula is as follow [3] :
Where, N is the axial force of boom, A is the cross-sectional area, limσ is the limit stress value of material, NEx is the critical force in amplitude plane, NEy is the critical force in rotary plane, Mx(z) is the basic moment of section z produced in amplitude plane, My(z) is the basic moment of section z produced in rotary plane, Wx(z) is the section modulus in bending of lattice boom section to the x axis, Wy(z) is the section modulus in bending of lattice boom section to the y axis,  is the stability coefficient determined by cross section type and maximum slenderness ratio λ or hypothetical slenderness ratio λF.
The calculation formula of the stability coefficient  is as follows:
Where, α1, α2 and α3 are the calculation coefficient determined by the cross section type, λn is the regular slenderness ratio [3] . Single Limb Stability. For statically determinate structure, the single limb instability will cause the evolution from the initial structure geometric construction to geometrically unstable system. Structure with low load-carrying capacity cannot maintain the initial equilibrium shape which definitely results in instability of the whole structure. For statically indeterminate structures, the individual single limb instability does not necessarily cause instability of the whole structure, but the internal force bore by above unstable single limb will be transferred to other single limb which will buckle when another new limit state is reached, similar processes continue to evolve and the number of unstable single limb accumulates continuously until enough to induce the overall instability. For crane lattice boom system, a higher statically indeterminate structure which consists of many delicate beams and columns and the overall instability can be seen as constant accumulation of the single limb instability, so it is considerable to implement the single limb stability calculation. The computation formula is as follow [3] :
Where, Ax is the single limb cross-sectional area, B and H are the width and height of calculation section respectively.
Parametric realization and calculation process
With Microsoft Visual Studio 2012 as development platform, calculation software based on multi-theory and multi-method for the crane lattice boom stability was developed by using C# language, as shown in Fig. 1 . The calculation process is as follows: 1) Build the mechanical analytical model of lattice boom, then on the basis of the working characteristics of lattice boom, do load analysis and load combinations, and determine the corresponding safety coefficient and resistance coefficient.
2) Program calculation software based on four design theories and methods (the allowable stress method based on linear theory, the allowable stress method based on nonlinear theory, the limit state method based on linear theory and the limit state method based on nonlinear theory).
3) Input the working condition (elevation angle, lifting weight and other basic parameters), and select suitable calculation method for analytical calculation.
4) Output the stability calculation report about the dangerous section in the form of text. 5) Obtain the optimum theory and method by comparing the generalized margin of various methods.
Engineering example
Taking 290t lattice boom crane (28 kinds of working conditions) provided by an enterprise load combinations B1 as an engineering example, as shown in Fig. 2 . Load and load combinations B [4] are shown in Table 1 . Three dangerous sections (the head section, the center of gravity section, the root section) are selected, and the key parameters of each dangerous section are listed in Table 2 . Based on two theories and two methods, the stress of the overall stability and single limb stability of each dangerous section are rapidly and accurately calculated by using the compiled software. Due to space limitations, there will only be the stability stress calculation results of 6 kinds of typical working conditions (as shown in Table 3 ) given, listed in Table 4 . In order to compare the material utilization, strength reserve and dangerous condition under different design methods, the concept of generalized margin is introduced.
For allowable stress method, the definition of generalized margin is as follow:
For limit stress method, the definition of generalized margin is as follow:
According to above definition, the generalized margin of each method is gotten from Table 4 , listed in Table 5 . To visually compare and analyze the difference among the generalized margin of each method, the data-changing tendency of Table 5 is shown in Fig. 3 . From Fig. 3 , it can be seen that the generalized margin values based on 4 calculation methods, 6 calculation conditions, 3 calculation cross sections, and 2 calculation items are all less than 1, which indicates that the stability of boom can meet the design specification requirements. The limit state method based on nonlinear theory has the minimum generalized margin, which proves that the geometrical deformation of lattice boom structure is nonlinear, when this method is used to calculate the stability of boom, it can not only give full play to the bearing capacity of material, but also has a reliable generalized margin. Structural nonlinearity decreases as the elevation angle reduces, as a result, the gap between the generalized margin of limit state method based on nonlinear theory and allowable stress method based on nonlinear theory is narrowing. To fully explain the reasons for above phenomenon, an analysis of overall stability stress of the limit state method based on nonlinear theory and allowable stress method based on nonlinear theory is implemented, each stress is shown in Table 6 and Table 7 . The generalized margin of allowable stress method based on linear theory The generalized margin of allowable stress method based on nonlinear theory
The generalized margin of limit state method based on linear theory The generalized margin of limit state method based on nonlinear theory.
Note: The horizontal axis digital 1 to 6 respectively corresponds to the data ( Zi n , Di n ) in Table 5 Figure 3. Comparison of generalized margin of each working condition For an intuitive analysis of the cause for above phenomenon, the percentage of each stress is gotten from Table 6 and Table 7 , as shown in Fig. 4~Fig. 6 . Simultaneously, the sum of stress in rotary plane and stress in amplitude plane caused by bending moment is considered as an additional stress, which can make it easy to compare. . Therefore, to some degree, the limit state method based on nonlinear theory and allowable stress method based on nonlinear theory are proved to be scientific and adaptive.
To further demonstrate the suitability and adaption of limit state method based on nonlinear theory for the stability calculation of lattice boom, a numerical simulation under 6 kinds of working condition (as shown in Table 3 ) is performed based on limit state method ANSYS. Considering that the overall stability stress in dangerous section cannot be calculated by using ANSYS, it is better to extract the single limb stability stress in each dangerous section to compare with analytic solution of the single limb stability stress calculated by limit state method based on nonlinear theory. The results of comparison are listed in Table 8~ Table 10 .
From the data in Table 8~Table 10, it can be observed that the error ε between σJ and σA is less than 5% which is within the allowed range, the main reasons for error-making are as follows: 1) Analytic solution σJ based on the second order nonlinear theory fully considers the second order stress caused by the deformation of biaxial bending and the additional stress generated from the geometric features of structural section through the moment amplification coefficient and stability coefficient while the finite element modeling is relatively ideal, it does not take the influence caused by the eccentric load and geometric features of structural section into account, so the calculated value is relatively small.
2) ANSYS solution σA uses branch buckling load based on the first class stable, namely the Euler critical force of centrally loaded columns, and fails to apply the second class stable compressive load of eccentrically loaded columns which is being in exploration period for the stability calculation of lattice boom, but finite element method results, the powerful simulation validation of analytical solution and CAE technology, can visually display the stress distribution in each key section and component of the lattice boom. 
Conclusions

1)
Compared with traditional allowable stress method, the limit state method on the basis of probability theory is more suitable for the occasion in which the relationship between load and internal force is nonlinear. This method can accurately consider the roles of load, mechanical properties of steel material, performing characteristics of structure and other factors for the lattice boom using partial load coefficient and resistance coefficient instead of the single safety coefficient to calculate the stability. The calculating results are more in line with actual situation.
2) The limit state method based on nonlinear theory can take into full account the second order stress caused by the deformation of biaxial bending and the additional stress generated from geometric features of structural section through the moment amplification coefficient and stability coefficient, and the economical efficiency of structure with enough safety stocks are ensured by adopting this method.
